INTRODUCTION
Rye is an important crop in Central and Eastern Europe. Despite its many merits, the breeding progress of rye is slow in comparison with other cereals such as wheat or triticale. Attempts to improve rye by means of traditional breeding methods are highly limited because of its self-incompatibility. Biotechnological methods including selection of somaclonal variants or transformation could be very useful to achieve this end. However, such methods require highly efficient, reproducible methods of plant regeneration in vitro. Rye is known as a recalcitrant species with regard to plant regeneration in vitro. Many authors reported on its regeneration from somatic tissues via organogenesis [1, 2] or embryogenesis [3] [4] [5] . However, the efficiency of the process was often very low. Therefore, detailed genetic studies are needed to identify the genes controlling the in vitro response. Our knowledge of the genetic mechanisms influencing the in vitro response of rye is rather poor and is based on analysis at the classical level. Rakoczy-Trojanowska and Malepszy [2, 5] found significant differences between the in vitro response of several inbred rye lines, both in the case of immature inflorescences and immature embryos. Similar differences between tested genotypes were demonstrated by Popelka and Altpeter [6] , Krumbiegel-Schroeren et al. [7] and FlehinghausRoux et al. [8] , respectively for immature embryos, immature inflorescences and anther cultures. Genetic analysis at the Mendelian level showed that the in vitro response of immature inflorescences is controlled by a polygenic system with different gene interactions, and that the ability to regenerate plants is a recessive trait [2] . In the case of immature embryos, embryogenic callus production and plant and root regeneration were determined by recessive genes, whereas the reduced ability to produce non-embryogenic callus most probably by dominant genes. The lack of response was proven to be controlled by at least two interacting genes [5] . With the recent advances in DNA-based molecular marker systems and the development of quantitative trait loci (QTL) mapping technology, it has become possible to resolve complex traits into several single Mendelian components, and to characterize their map position, gene action and phenotypic effect. [9] . There are several examples of identifying QTLs for the in vitro response in cereals, e.g. in rice [10] , wheat [11] , maize [12] and barley [13] . No such study has thusfar been performed for rye. The objectives of this study were to identify the QTLs of the in vitro response of rye immature embryos and immature inflorescences. For QTL analysis, we used a map constructed on the basis of the mapping population L318 x L9, predominantly composed of microsatellite-based markers.
MATERIALS AND METHODS

Plant material
The plant material used in the experiments consisted of 102 RILs (F 5 and F 6 generations) developed using single-seed descent selection from the cross between lines L318 and L9. L318 was previously characterized as a wellresponding line for both immature inflorescences and immature embryos, while line L9 proved unable to form embryogenic callus and regenerate plants from either tissue [2, 5] . In the culture of immature embryos, the percentages of explants producing callus and explants producing embryogenic callus were respectively 100 and 60.2% for line L318, and 65.3 and 0.00% for line L9. In the immature inflorescence culture, the percentages of explants producing callus and explants producing embryogenic callus were respectively 100 and 60.16% for line L318, and 11.02 and 0.00% for line L9. The donor plants for the tissue culture experiments were grown under standard field conditions. Each line was represented by 30 plants, and kernels were sown individually 12 cm apart. The plants for DNA extraction were grown in a greenhouse under 16 h light at 21ºC and 8 h dark at 17ºC.
Tissue culture procedure
The tissue culture protocols applied for the immature embryos and immature inflorescences were the same as described previously [2, 5] except for the type of auxin added to the medium for callus induction. The explants were immature embryos 17-19 days after pollination and immature inflorescences 0.5-1.0 cm long. They were cultured on an induction medium (MS medium [14] with 20.0 g/dm 3 sucrose and 7.5 g/dm 3 Difco agar) supplemented with 3 mg/dm 3 dicamba. Each RIL was represented by 60 embryos and 25 inflorescences. The calli were subcultured every 4 weeks in the case of immature embryos and every 3 weeks in the case of immature inflorescences. After 3 subcultures, the explants were transferred to regeneration medium without growth regulators. For the genetic analysis of the tissue culture response (TCR) of the immature inflorescences, the data from 100 RILs were scored due to contamination during culture.
Analyses of tissue culture response
Callus induction (CI) and somatic embryogenesis ability (SE) were the two characteristics evaluated using the following parameters: percentage of immature embryos producing callus (ECI), percentage of immature embryos producing embryogenic callus (ESE), percentage of immature inflorescences producing callus (ICI) and percentage of immature inflorescences producing embryogenic callus (ISE). The logarithmic and Bliss (arcsin√ x) [15] transformations were applied to improve the normality of distribution of the analyzed data as the computer program used for QTL identification requires a normal distribution. 
Molecular marker analyses
The genomic DNA of the RILs and parental components was extracted from the leaves of 6-week old greenhouse-grown plants using the CTAB method [16] . The three groups of SSR primer pairs listed below were used to screen for polymorphism between the parental lines. Group I consisted of 85 primer pairs (pp), developed from rye genomic libraries: 41 pp (WRM) by Bolibok et al. [17] ; 27 pp (SCM) by Saal and Wricke [18] ; and 17 pp (RMS) by Lochow Petkus GmbH, Bergen, Germany, supplied as aliquots by Dr. V. Korzun. Group II consisted of 159 pp developed from EST sequences deposited in public data bases: 99 pp (SCM0) designed by Hackauf and Wehling [19] ; and 60 pp (REMS) developed by Khlestkina et al. [20] and provided by Dr. V. Korzun. Group III consisted of 20 pp (WMS) used for wheat mapping and displaying polymorphism in rye [20, 21] . A total of 264 SSR primer pairs were used. The PCR reactions, electrophoresis and visualization were performed as described by Bolibok et al. [22] . ISSR and SAMPL analyses were done as described previously [22] . ISSR markers were designated ISSRx_n, where x is the primer number, and n is the product length. SAMPL markers were designated Mx Sy_n, where x is the AFLP primer number, y is the SAMPL primer number, and n is the product length. RAPD amplicons were generated using seven Operon primers (D1, D12, D16, F17, I6, Q8, and S10). The protocols applied for PCR reactions, electrophoresis and gel recording were the same as for ISSR analysis. Additionally, we used one EST marker (a fragment of SERK gene cDNA, acc. No. DX383098) and 2 SCAR markers (OPB19_968, acc. No. AY615365; and OPN1_667, acc. No. AY587508).
Map construction
The segregation data was analyzed using MAPMAKER/EXP 3.0 [23] . Linkage groups were separated using the "group" command at LOD > 4.0 and a recombination fraction equal to 0.30. Recombination fractions were converted to cM with the Kosambi mapping function [24] . For chromosomal identification of linkage groups, a set of previously localized SSR markers was used. The order of markers within the linkage groups was determined using the "compare" command. For groups with more than 8 markers, first a subset of the 6 most informative markers was chosen according to the instructions in the MAPMAKER/EXP 3.0 manual. The order of the chosen markers was determined using the "compare" command, and the remaining markers were added using the "try" command. The obtained map orders were verified using the "ripple" command. The Chi square test, P < 0.05, was applied to compare the observed segregations of markers with the expected ones.
QTL analysis
For QTL detection, phenotypic data normalized by Bliss transformation was analyzed using MAPMAKER/QTL, version 1.1b [25] , using a LOD score of 2.0 or greater as a criterion of significance.
RESULTS
In vitro response in RILs
An induction of callus formation from both immature embryos and immature inflorescences was observed in all the RILs. The rate of response varied between lines, ranging from 7.9% (line LR37) to 95.9% (line LR28) with a 72.6% average for immature embryos, and 10.5% (line LR54) to 100.0% (15 of the 100 RILs) with a 68.3% average for immature inflorescences. They generated one or two well scorable polymorphic bands/loci, on average 1.6 bands per assay, and several monomorphic products. In total, 13 ISSR markers were produced by 8 ISSR primers. One hundred twenty six SAMPL loci were produced using six AFLP/SAMPL primer combinations (M1S29, M3S38, M5S38, M1S39, M3S39, M5S39), and 71.0% of them were polymorphic. Seventeen polymorphic bands were selected for the segregation analysis. The linkage map constructed for the identification of QTLs controlling the somatic embryogenesis of rye, spanning 979.2 cM, contains 99 molecular markers: 67 SSRs, 9 ISSRs, 13 SAMPLs, 7 RAPDs, 1 EST and 2 SCARs distributed in 7 linkage groups identified by means of previously anchored markers as chromosomes 1R-7R (Fig. 1) . The number of markers mapped differed between chromosomes, and ranged from 5 for 4R to 23 for 5R, with a mean distance between the markers of 9.9 cM. These 99 markers covered all the chromosomes, but they were not evenly dispersed through the genome. The biggest gaps were found on chromosomes 5R and 6R, and the highly clustered markers on chromosomes 2R, 3R and 7R. Markers characterized by distorted segregation were found on all the chromosomes, with the highest rate of such markers on chromosomes 5R and 7R (56.5% and 52.6%, respectively) and a mean value of 48.5% for the all chromosomes. and LOD values (3.59 and 3.23); moreover, each QTL explained ca. 20% of the total phenotypic variation. The alleles of line L9 decreased the ECI values in these loci. Three out of the four loci revealed by QTL analysis of ESE, located on chromosomes 1R, 4R and 5R, were characterized by moderate effects (from 16.9 to 18.2%) and explained a similar proportion of the phenotypic variance (from 21.5 to 28.4%). The fourth locus influencing ESE, located on chromosome 6R, accounted for 41.6% of the total phenotypic variation. However, its effect was smaller (10.6%). In all these loci (ese-1 through ese-4), alleles contributed by L9 increased the trait value. The QTLs identified for the in vitro response of immature inflorescences generally exhibited lower effects and explained a smaller percentage of the phenotypic variance. QTL ici-1, which accounts for 11.4% of the phenotypic variance, had an effect of 8.029. The second locus influencing callus induction in the culture of immature inflorescences, ici-2, located on chromosome 7R, explains 20.6% of the total phenotypic variance, and the L9 allele increases the value of the trait by 11.0. The only QTL for ISE identified in this study was located on chromosome 7R. However, it was mapped in a different map interval than ici-2. This locus accounts for only 10.08% of the total phenotypic variance and has an effect of 9.2%, with the allele from the parent L9 decreasing the value of the trait.
QTLs for in vitro response Nine putative QTLs controlling the tissue culture response of rye were identified: two QTLs for ECI (eci-1, eci-2), 4 for ESE (ece-1, ese-2, ese-3, ese-4), 2 for ICI (ici-1, ici2) and 1 for ISE (ise-1). They were detected on chromosomes 1R, 4R, 5R, 6R and 7R (Tab. 2). Two QTLs related to callus formation from immature embryos -eci-1(5R) and
DISCUSSION
QTLs for tissue culture response have been mapped for numerous plant species, both dicots and monocots, including major cereals such as rice, wheat, maize and barley [9] . The one existing paper on the molecular analysis of the in vitro response of rye describes only very preliminary results concerning anther culture [26] . In this paper, we present the results of a QTL analysis of rye immature embryo and immature inflorescencence TCR. The QTL analysis was conducted using a mapping population constructed especially for this purpose. The parents were found to differ widely in their tissue culture response during earlier studies [2, 5] . The polymorphism at the molecular level also turned out to be sufficient for constructing a genetic linkage map of the cross, as ca. 30% of the used SSR markers segregated in the RILs. This allowed the construction of a molecular map containing 99 markers and spanning 979.2 cM of the rye genome. In our opinion, these parameters along with the average density of the constructed map (9.9 cM) make it a useful tool for preliminary studies aimed at determining approximate QTL locations and for similar approaches. Maps of similar density were used successfully for identifying QTLs connected with TCR in sunflower [27] , maize [12] and barley [13] . The value of the map is increased by the population type (RILs, rather rarely used in rye genetics, mainly due to the occurrence of inbreeding depression in this crop, which makes it difficult to obtain such a population) and by the presence of 70 transferable PCR-based markers -67 SSRs, 2 SCARs and 1 EST. This is a relatively high number, particularly when compared to the numbers for other currently available rye maps -56 [28] and 45 [20] . Both these qualities enable the population and its map to be used for repeated phenotypic measurements and subsequent QTL analyses, comparing the localizations of the identified QTLs, and for integration with other genetic maps of rye. In most cases, the locations of the SSR markers on the L318 x L9 map were in agreement with previously published data [18, 28, 31, Korzun, pers. comm.] , with three exceptions: the SSRs REMS1187, REMS1266 and REMS1261. The first two markers were assigned in this study to chromosome 5R, the third to chromosome 2R. Khlestkina et al. [20] mapped REMS1187 on chromosome 7R, RMS1024 on chromosome 4R, and REMS1261 on chromosome 1R. One of the major factors affecting the map quality was the relatively high number of markers with deviating segregation. Segregation distortion is a common phenomenon in rye, even in F 2 populations [18, [29] [30] [31] [32] , and is believed to be the result of selection at the gametic or zygotic stage. It can be expected that inbreeding depression causing certain lines to be lost during the development of the population resulted in a shift in the allele proportions in the remaining lines resulting in distorted segregation. The relatively high ratio of distorted markers on chromosome 7R is in accordance with results of Hackauf and Wehlig [28] , who reported that 67.8% of markers deviated significantly from expectations and attributed this to the existence of a locus governing zygotic selection on that chromosome. Another weakness of the constructed map is the small number of markers mapped on chromosome 4R, which may indicate a low level of polymorphism between parents in this particular region. To address this problem, additional analyses including markers reported to be located on chromosome 4R are needed. Unfortunately, such markers are not abundant at this time, as rye is a relatively poorly researched crop and most of the available transferable molecular markers with determined chromosome locations have already been used in this study. The QTL analysis was performed on the basis of two parameters -the percentage of explants producing callus and the percentage of explants producing embryogenic callus, respectively reflecting an ability for callus induction and somatic embryogenesis. Both have been commonly used in studies aimed at mapping genes for TCR [27, 33, 34] , and proved to be a good predictors for the final yield of regenerated plants [12, 33] . The skewed distributions observed for all the characteristics analyzed in this study were also reported in many other papers dealing with mapping of the tissue culture response [13, 34, 35] , and could be expected, as rye is generally a recalcitrant plant with respect to tissue culture response. The Bliss transformation, often applied in similar studies [10, 35, 36] , improved the normality of distribution. Phenotypic measurements of the in vitro response of immature embryos expressed as the percentage of explants producing callus and the percentage of explants producing somatic embryos turned out to be a good basis for QTL analysis, as a total of 6 loci influencing the traits could be identified. The relatively large effects of the loci and the proportion of total phenotypic variation explained by the loci (up to 41.6%) may suggest that the major loci influencing in vitro response of immature rye embryos in the studied population were detected. The results of QTL identification for the in vitro response of immature inflorescences are less satisfactory. Only 2 loci for ICI and 1 for ISE were detected with small to moderate effects. The proportions of the total phenotypic variance explained by the loci were also lower than in the case of QTLs influencing the tissue culture response of immature embryos. However, their map location could be useful for marker-assisted selection (MAS). The obtained results are in partial agreement with the outcome of an earlier study focusing on the in vitro response of rye. Using disomic Chinese SpringImperial wheat-rye addition lines, Lazar et al. [37] demonstrated that chromosomes 6R and 7R bear factors promoting the positive in vitro response of rye immature embryos or factors alleviating the negative influence of wheat genes. In our study, two of the identified QTLs influencing the response of immature embryos were detected on chromosome 6R: eci-2 and ese-4. Moreover, regions of chromosomes 6R and 5R were indicated as the localizations of QTLs controlling the response of rye immature embryos identified in the mapping population Ot 1-3 x 541 examined previously in our department [Boczkowska, personal communication] . In the analysis of L318 x L9, two QTLs were identified on chromosome 5: eci-1 and ese-3. Unfortunately, it is impossible at this point to determine if the QTLs were identified in the same chromosome regions due to a lack of common markers on the linkage maps. It was demonstrated that molecular markers linked to a QTL influencing the in vitro response can be used to determine the value of a genotype [35] or in the map-based cloning and isolation of genes for plant regenerability [37] . Although the QTL localizations determined in this study need to be verified, perhaps by comparing them with the results of the currently ongoing Genetically Directed Differential Subtraction Chain (GDDSC) analysis of the DNA pools from RILs contrasting in TCR [38] and their effects evaluated, in our opinion, the first step toward identifying the genes governing the in vitro response in rye has been made.
